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and K. Ostrikov*ab
Received 28th March 2011, Accepted 12th May 2011
DOI: 10.1039/c1nr10327jControlled synthesis of both single-walled carbon nanotube and carbon nanowire networks using the
same CVD reactor and Fe/Al2O3 catalyst by slightly altering the hydrogenation and temperature
conditions is demonstrated. Structural, bonding and electrical characterization using SEM, TEM,
Raman spectroscopy, and temperature-dependent resistivity measurements suggest that the nanotubes
are of a high quality and a large fraction (well above the common 33% and possibly up to 75%) of them
are metallic. On the other hand, the carbon nanowires are amorphous and semiconducting and feature
a controlled sp2/sp3 ratio. The growth mechanism which is based on the catalyst nanoisland analysis by
AFM and takes into account the hydrogenation and temperature control effects explains the observed
switch-over of the nanostructure growth modes. These results are important to achieve the ultimate
control of chirality, structure, and conductivity of one-dimensional all-carbon networks.Introduction
Single-walled carbon nanotubes (SWCNTs) are one-dimensional
(1-D) carbon nanostructures that are promising for many
applications such as nanoelectronics and energy storage devices,
solar cells, gas- and bio-sensors and several others.1,2 Depending
on the wrapping angle of the graphene sheet, known as chirality,
SWCNTs can be either metallic or semiconducting. However,
most up-to-date synthesis techniques produce SWCNTs with
a mixture of different diameter, length, electronic conductivity
type, and chirality, severely hampering the widespread use of
these nanomaterials for the envisaged applications. Chemical
routes of purifying and separating metallic or semiconducting
SWCNTs have been developed.3,4 However, these techniques
usually involve many steps and the chemicals used may also
modify the intrinsic properties of the SWCNTs. A direct growth
of the nanotubes with precisely controlled electronic and optical
properties is therefore highly favourable from the applications
point of view.
The main techniques for growing SWCNTs include arc
discharge, laser ablation and catalytic chemical vapor depositionaPlasma Nanoscience Centre Australia (PNCA), CSIRO Materials
Science and Engineering, Lindfield, New South Wales, 2070, Australia.
E-mail: Kostya.Ostrikov@csiro.au
bSchool of Physics, The University of Sydney, New South Wales, 2006,
Australia
† Electronic supplementary information (ESI) available: The growth of
SWCNTs at different conditions, the justification of resonance Raman
for SWCNTs with different diameters, detailed Raman G-band
analysis, SWCNTs grown using other catalysts, and the growth of
MWCNTs in the absence of hydrogen during the pretreatment. See
DOI: 10.1039/c1nr10327j
3214 | Nanoscale, 2011, 3, 3214–3220(CVD). Owing to its ability to control the position and density of
nanotubes, catalytic CVD has recently attracted significant
interest.5 Limited success in narrowing the chirality distribution
of SWCNTs in catalytic CVD has been achieved by selecting
proper bimetallic catalysts,6–8 modulating gas flows,9 and
employing an external processing source such as plasmas and
magnetic fields.10–12 Most of the results obtained so far report on
SWCNTs with a high semiconducting content; this can facilitate
the application of nanotubes as functional components in field-
effect transistors or thin film transistors. A high metallic content
of the SWCNTs, on the other hand, is also promising for
applications such as interconnects in integrated circuits, trans-
parent conductive coatings, and solar cells; yet it has been rarely
reported.13,14
Compared to SWCNTs constructed by mainly sp2-bonded
carbon atoms, the structure of another type of nanoscale 1-D
carbon material, carbon nanowires (CNWs), is composed of
a mixture of sp2 and sp3 carbon bondings. The controlled
synthesis of CNWs is also of fundamental interest as it paves the
way to control the relative percentages of sp2 and sp3 bondings in
1-D carbon nanostructures, which in turn affect the electronic
and optical properties of these materials. In the past, CNWs were
mainly obtained by thermal evaporation and ion bombard-
ment.15,16 The former was first introduced by Tang et al. who
annealed a composite of Ni and graphite powder at 1200 C and
collected the soots containing the CNWs from the inner wall of
the quartz tube;15 the latter, on the other hand, required
a template of multi-walled carbon nanotubes (MWCNTs) which
were then transformed into CNWs by energetic ion bombard-
ment.16 These methods showed limited applicability and had
drawbacks such as low yield, high-temperature processing, andThis journal is ª The Royal Society of Chemistry 2011
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View Article Onlinewere also time-consuming. Moreover, the possibility of synthe-
sizing both SWCNTs and CNWs in the same process has been
rarely reported.17
In attempting to control the chirality distribution of SWCNTs
as well as to tune the sp2 content in 1-D carbon nanostructures,
here we demonstrate that the growth of both a high fraction of
metallic SWCNT and semiconducting CNW networks can be
obtained by slightly changing the process conditions in a simple
CVD process using the same Fe/Al2O3 catalyst. Raman spec-
troscopic analysis and electrical measurements show that the
grown SWCNTs are of a high quality and contain a significantly
higher content of metallic nanotubes as compared to a ‘‘stan-
dard’’ metallic nanotube content of 33% (1/3 metallic and 2/3
semiconducting) produced in many CVD processes. We also
attribute the growth transition from SWCNTs to CNWs to the
size and activity of catalyst nanoparticles in the pretreatment
stage and the hydrogenation effect in the growth stage. These
results are important for the realization of controlled growth of
SWCNTs and other 1-D carbon nanostructures with different
sp2 and sp3 carbon contents. The simple CVD process used is also
beneficial for the development of all-carbon networks, where
nanostructures of different conductivity types are required and
are presently formed using multi-step nanofabrication.
Experimental
Catalytic CVD processes
In a typical process for growing SWCNTs, surface-bound cata-
lysts were prepared by depositing 10 nm thick Al2O3 and 0.5 nm
thick Fe layers on a SiO2/Si wafer by electron beam evaporation.
The wafer was then loaded into a 50 mm diameter quartz tube of
an electrical furnace (MTI, model OTF-1200) and the tempera-
ture was ramped to 900 C under a flow of Ar (200 sccm). The
pressure in the quartz tube was kept at 380 Torr through
a throttle valve between the furnace and the mechanical pumping
system. The catalysts were then dewetted at this temperature for
5 min (the pretreatment stage). Following this, SWCNTs were
grown for 10 min by introducing methane (200 sccm) at a pres-
sure of 760 Torr (the growth stage). Finally, methane inflow was
terminated and the furnace was cooled down to room tempera-
ture under the Ar flow.
To obtain CNWs, the growth process used slightly different
conditions with the same catalyst. Specifically, the catalyst was
pretreated at 1000 C under a co-flow of Ar (200 sccm) and H2
(500 sccm) for 30 min at 380 Torr (the pretreatment stage).
Methane (500 sccm) was then introduced in addition to the
simultaneous flows of Ar and H2 and the growth time was set to
10–30 min at 760 Torr (the growth stage). After that methane
and H2 inflow was terminated and the furnace was cooled down
under the Ar flow.
Characterization techniques
Field-emission scanning electron microscopy (FE-SEM; Zeiss
Ultraplus) was operated at 1 keV electron beam energy with an
in-lens secondary electron detector. Transmission electron
microscopy (TEM; Philips CM120) was operated at 120 keV
electron beam energy. Prior to TEM characterizations, the
grown samples were dispersed into ethanol and sonicated forThis journal is ª The Royal Society of Chemistry 20115 min in a bath sonicator. The suspension containing either
SWCNTs or CNWs was then dropped on a holey carbon-coated
copper grid and dried in air. Resonant micro-Raman spectros-
copy (Renishaw inVia) with a laser spot of 1 mm2 was used at
four different laser excitations, namely, 1.58, 1.96, 2.41 and
2.54 eV excitations. Raman spectra were obtained by averaging
the measurements from 5 to 10 random spots over the sample
surfaces.
A physical property measurement system (PPMS; Quantum
Design) was used to measure the temperature-dependent elec-
trical conductivity of the nanostructures down to 4 K using
a two-point probe configuration, where two Au electrodes at
a distance of 5 mm were deposited on the surface by magnetron
sputtering. Furthermore, to reveal the different size and
morphology of catalyst particles in the CVD processes, catalysts
undergoing the same pretreatment processes but not the
following growth processes were prepared and the surfaces were
investigated by using atomic force microscopy (AFM; MFP-3D
Asylum Research) operated in the tapping mode with a Si
cantilever having a spring constant of 50 N m1 and a frequency
of 275 kHz (Budget Sensors).Results and discussion
Fig. 1 shows SWCNTs grown by catalytic CVD. As one can see
from this figure, highly entangled randomly oriented nanotubes
form networks on the wafer surface. Most of the synthesized
nanotubes had a length of 1–10 mm and featured the unique
‘‘bridge’’ morphology (see Fig. 1b). It was noted that the growth
conditions could greatly affect the yield and morphology of
SWCNTs (see ESI, Fig. S1†). For example, if the temperature
was slightly decreased to 850 C, no SWCNTs were grown.
Decreasing the pressure in the quartz tube down to 1 Torr by
mechanical pumping instead of keeping it at atmospheric pres-
sure also resulted in zero yield of nanotubes (the flow rate of Ar/
CH4 was kept at 200/200 sccm). Moreover, adding a reducing gas
H2 and/or a mild oxidizing gas H2O in the catalytic CVD process
resulted in a different morphology and a reduced density of
SWCNTs. The catalyst system also showed a large influence on
the grown SWCNTs. A lower density of SWCNTs with some
impurities was produced when the thickness of the Fe catalyst
layer was increased slightly; while MWCNTs and amorphous
carbon were formed when the thickness of the Fe catalyst layer
was further increased to 3 nm. If the Fe/SiO2 catalyst was used,
long SWCNTs bound to the growth substrate were produced, in
contrast to the ‘‘bridge’’ morphology common to the Fe/Al2O3
catalyst. These results confirmed that the synthesis of high-
density SWCNT networks strongly depends on the catalyst,
supporting layer, temperature, gas and pressure, with the opti-
mized conditions for the SWCNT growth obtained only in
a narrow process parameter space.14,18,19
Raman spectroscopy is widely used in the analysis of carbon
nanomaterials to provide information on electronic states,
phonon energy dispersion, and electron–phonon interactions in
SWCNTs. If the excitation energy for Raman overlaps with the
optical absorbance of the carbon nanostructure, the Raman
scattering is enhanced significantly by a resonant process.20
Kataura et al. indicated that the optical transition energy between
two van Hove singularities (vHs) in the density of states (DOS) ofNanoscale, 2011, 3, 3214–3220 | 3215
Fig. 1 (a) Low and (b) high resolution scanning electron micrographs of the single-walled carbon nanotubes.
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View Article OnlineSWCNTs was diameter- and chirality-dependent.21 Such
a dependence is manifested in the Kataura plot. Different laser
excitations are therefore needed to preferentially excite nano-
tubes with different sizes and structures.
Fig. 2 shows the Raman spectra of the present SWCNT
networks probed by 1.96 and 2.41 eV excitations. The charac-
teristic radial-breathing mode (RBM) band for the SWCNTs was
clearly visible in both spectra. The Raman peak at 303 cm1 from
the underneath SiO2/Si surface was not observed, indicating that
the grown nanotubes were of high density. As given by
u ¼ 248/d (where u is the Raman shift in cm1 and d is the
diameter of SWCNTs in nm),22 the diameter distribution of the
present nanotubes was estimated to be of 0.9–1.8 nm. In this
diameter range, it has been reported that the 1.96 eV laser exci-
tation was best suited to determine the chirality contribution of
the nanotubes, as it is resonant with roughly equal populations of
both semiconducting and metallic nanotubes (50%/50%).14,23 We
found that the Raman shifts in resonance with the optical tran-
sitions were present in all ES33 (120–180 cm
1), EM11 (180–240 cm
1)
and ES22 (240–300 cm
1) regions,13,23,24 where ES,Mii is the electronic
transition from the i-th valence band to the i-th conduction band
for the semiconducting (S) and the metallic (M) type nanotubes,
respectively. This suggested that a significant amount of both
semiconducting and metallic nanotubes was synthesized in the
SWCNT networks.
To further quantify the electronic type of these nanotubes, we
compared the Raman spectra of our samples with the Raman
fingerprints of two other CVD-grown SWCNTs, the HiPco
(synthesized by using high-pressure CO disproportionation;Fig. 2 (a) Radial-breathing mode (RBM) and (b) D and G bands of
Raman spectra of the single-walled carbon nanotubes at 2.41 and 1.96 eV
excitations.
3216 | Nanoscale, 2011, 3, 3214–3220Carbon Nanotechnogies, Inc) and the CoMoCAT (synthesized
by using Co–Mo bimetallic catalyst; SouthWest NanoTechnol-
ogies) nanotubes.6,25 The HiPco nanotubes have a diameter
distribution of 1.0  0.2 nm and a length of 100–1000 nm, while
the CoMoCAT nanotubes have a smaller diameter of 0.8 
0.1 nm and a length of 450–2000 nm.
We have performed a reliable Raman spectroscopy analysis to
compare the concentration of metallic (or semiconducting)
nanotubes in different SWCNT samples. The 1.96 eV excitation
has been shown to be in resonance with both metallic and sem-
iconducting nanotubes in HiPco samples,14,26,27 whereas a higher
excitation at 2.54 eV has to be taken to probe the metallic
nanotubes in the CoMoCAT samples. It was noticed that if the
1.96 eV excitation source was used to probe the CoMoCAT
samples, a large fraction of metallic nanotubes could be over-
looked (see ESI, Fig. S2†). Fig. 3a shows the Raman RBM bands
of the three nanotube samples probed using the 1.96, 1.96, and
2.54 eV excitation sources, respectively. By integrating the area
of peaks in the RBM bands, we have found that the ratio of
metallic (EM11, blue region) to semiconducting (E
S
22, pink region)
nanotubes was the highest in this work, followed by the HiPco,
and the lowest in the CoMoCAT nanotube samples. The metallic
concentration is about 33% in HiPco and is less than 10% in the
CoMoCAT nanotubes.6,25,28 This comparison gave a reasonable
estimate that the metallic concentration of nanotubes in this work
was well above the expected 33% distribution.Fig. 3 (a) Radial-breathing mode (RBM) band and (b) D and G bands
of Raman spectra of single-walled carbon nanotubes from this work
(green line) and HiPco (blue line) at 1.96 eV excitation, and CoMoCAT
(red line) at 2.54 eV excitation. The metallic region EM11 is highlighted in
blue color and the semiconducting regions ES22 and E
S
33 are highlighted in
pink color in (a).
This journal is ª The Royal Society of Chemistry 2011
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View Article OnlineWe also observed differences in the tangential G-band (at
1600 cm1) of the Raman spectra. The G-band of SWCNTs
often splits into several different bands due to the symmetry
lowering from graphene sheets to nanotubes (i.e., the zone
folding effect).29 According to the group theory analysis, there
are six symmetry modes of phonons present in the G-band of
semiconducting nanotubes: two A(A1g), two E1(E1g) and two
E2(E2g) modes, all of which appear in a Lorentzian line shape. In
contrast, the atomic vibrations in metallic nanotubes only have
two active A(A1g)modes due to the coupling of phonons with p
plasmons in an electronic continuum near the Fermi level.30,31 As
shown in Fig. 3b, the G-band of both the HiPco and the
CoMoCAT nanotubes showed apparent shoulders in the lower-
frequency with respect to the higher-frequency G+-band
(at 1590 cm1), which can be resolved by several Lorentzian
oscillators; on the other hand, a pronounced asymmetric BWF
line shape was obtained in the present work (also see ESI,
Fig. S3†). The G-band line shapes therefore suggested a higher
fraction of metallic nanotubes in the present work as compared
to the significant semiconducting contributions found in both the
HiPco and the CoMoCAT nanotubes, in a good agreement with
the above Raman RBM analysis.
The ratios of the intensities of D (at around 1325 cm1) to G
bands were calculated to be 0.04 and 0.05 for the present
SWCNT networks under 2.41 and 1.96 eV excitations, respec-
tively (Fig. 2b). These low values of the D/G ratio were compa-
rable to the values of arc-discharge produced nanotubes (known
to be of a high quality and contain a very low amount of
amorphous carbon in the graphitic walls) and indicated a low
degree of structural defects in the grown nanotubes.24,32,33 Similar
to Kong et al., we attributed the high quality of our SWCNTs to
the thermal stability and a domination of catalytic decomposi-
tion instead of self-pyrolysis of methane at elevated
temperatures.5
A very different result was observed when the pretreatment of
the same catalyst was prolonged to 30 min and the growth
temperature was increased to 1000 C in the presence of H2.
High-density and entangled CNWs, instead of SWCNTs, were
grown on the surface (Fig. 4a). The length and morphology of
these nanowires were quite similar to those of the SWCNTs.
However, the diameters of CNWs were found to be betweenFig. 4 (a) Scanning electron micrograph and (b) transmission electron
micrograph of carbon nanowires. (c) High resolution TEM image shows
amorphous structure of the carbon nanowires.
This journal is ª The Royal Society of Chemistry 201110 and 50 nm, as shown by the TEM image in Fig. 4b. The
amorphous nature of CNWs was also evidenced by the high-
resolution TEM image (Fig. 4c). More importantly, the
SWCNTs and CNWs featured very different electronic proper-
ties regardless of their similar 1-D shape and entangled
morphology, as described below.
The temperature-dependent electrical resistance R(T) of
SWCNT networks measured by PPMS is shown in Fig. 5a and b,
where an exponential decay in the resistance was observed as the
temperature increased. We found that this curve could be inter-
preted by Mott’s law for variable range hopping (VRH)
R(T) ¼ R0 exp (T0/T)1/(a+1),
where R0 is the temperature-independent resistance, T0 is the
characteristic temperature and a is the dimensionality. The
Mott’s law VRH is often observed in discontinuous networks
where conductive islands/grains are embedded in an insulating
matrix.34,35 In these networks, localized electrons hop between
the conductive sites when an electric field is applied.
In our SWCNT networks, highly resistive Schottky barriers
could form at the junctions of metallic-semiconducting nano-
tubes. Electrons were therefore constrained by these junctions,
which were acting as scattering centres and potential barriers,
leading to a structure similar to the discontinuous electronic
systems. Interestingly, by investigating the conduction mecha-
nisms of the SWCNT networks with different metallic-to-semi-
conducting ratios, Yanagi et al. found that a ¼ 2 or 3 in theFig. 5 (a) The schematics of electrical measurements of the single-walled
carbon nanotube networks. (b) Temperature dependence of the resis-
tance. Insets show a poor fitting at a ¼ 1 and a good fitting at a ¼ 3 by
using Mott’s law for variable-range hopping.
Nanoscale, 2011, 3, 3214–3220 | 3217
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View Article OnlineMott’s law VRH was relevant to the networks with a metallic
content up to 74%, whereas a ¼ 1 was relevant to those with
a high concentration of semiconducting nanotubes.32 As shown
in Fig. 5b, well fitted curves were obtained when a was set to 2 or
3, in contrast to a relatively poor fitting when a ¼ 1. The
temperature-dependent conductance therefore provided addi-
tional evidences for the aforementioned Raman analysis.
On the other hand, the resistance of the CNW networks was
out of the measurement range (>20 MU), meaning that these
nanowires were either insulating or semiconducting. CNWs have
been previously shown to contain a significant amount of
graphitic-like (sp2) clusters inside the insulating matrix (sp3).36
These graphitic-like carbon clusters contain localized electrons
and can greatly reduce the energy gap of the CNWs. Moreover,
the walls of the amorphous CNWs may become hydrogen-
bonded sp3-carbon atoms as H2 was present in the growth
process. Barnard et al. showed that the electronic energy gap of
hydrogen-bonded sp3-carbon could be greatly reduced as
compared to that of the diamond nanowires.37 We therefore
speculated that the CNWs were semiconducting with an energy
gap at about 2–3 eV.
Next, we address the formation mechanism of the two carbon
nanostructures. Despite significant progress made in the
synthesis of nanotubes, the underlying growth mechanism of
SWCNTs has not been fully understood. The most common
mechanism employed in catalytic CVD is the vapor–liquid–solid
(VLS) model, which originated from the growth of semi-
conductor nanowires.38 In this model, carbon atoms firstly
decompose from hydrocarbons and absorb into the catalyst
nanoparticles, usually the iron-group metals such as Fe, Co, and
Ni.5,39 Once a supersaturation point is reached in the carbon–
catalyst mixture, carbon atoms segregate out and form
a graphitic network with hexagons and pentagons (sp2-bonded)
on the particle surface, i.e., the cap formation takes place. With
the continuous carbon supply, carbon atoms diffuse to the
carbon–catalyst interface and subsequently incorporate into the
structure, leading to the growth of a SWCNT.29,40–42
The VLS model applies well for the growth of SWCNTs in the
present case as Fe nanoparticles possess both high catalytic
activity and high carbon solubility. However, the mechanism of
the resultant nanotubes with a high fraction of metallic nano-
tubes remains unclear. Robertson et al. used a rather similar
catalyst system and obtained high-density SWCNTs which
showed significant conductivity and were suitable for intercon-
nect applications.13 Harutyunyan et al. also produced SWCNTs
in a similar catalytic CVD process and claimed that the fractions
of tubes with metallic conductivity could vary significantly from
one-third of the population to more than 50%.14 We speculate
that the resultant nanotubes could be correlated to the gas
ambient during thermal annealing of the catalyst, which led to
a specific morphology and coarsening behavior of the catalyst
nanoparticles that were favored for the growth of metallic
nanotubes. It was noted that if the Fe catalyst was replaced by
other common transition metals such as Co, Ni, or bimetallic Co/
Mo, no preferential growth of metallic nanotubes was observed
due to their different responses to the growth conditions (see ESI,
Fig. S4†). The Al2O3 support layer may have also contributed as
it can minimize the diffusion of Fe and enhance the nanoparticle
formation at high temperatures.43,443218 | Nanoscale, 2011, 3, 3214–3220For CNWs, however, there has been no mechanism available
in the literature. We observed two features in the catalytic CVD
process which may also validate the VLS model for the growth of
CNWs. Firstly, the nanowires were continuously developing
throughout the growth process. This implies that the amorphous
structure was not formed by the self-pyrolysis of methane
molecules. Otherwise, the whole surface of catalyst nanoparticles
would be covered by amorphous carbon coating and the growth
of CNWs would be terminated shortly (a phenomenon known as
‘‘catalyst poisoning’’).45 Secondly, catalyst nanoparticles were
observed on top of the nanowires (see Fig. 4b), resembling the
tip-led growth of MWCNTs and many other semiconductor
nanowires.38
Under the framework of the VLSmodel, we related the growth
modes switching from the SWCNTs to the CNWs by only
slightly changing the process conditions to the size and activity of
catalyst nanoparticles. Catalyst nanoparticles have been known
to play a crucial role in the synthesis of many carbon nano-
structures.17,29 The sizes of catalyst nanoparticles after the
pretreatment stage but before the growth stage were investigated
by AFM in both SWCNT and CNW cases, as shown in Fig. 6a
and b. One can see that Fe nanoparticles for CNWs (50–200 nm)
were much larger than those for SWCNTs (1–3 nm) (note that
the apparent width of Fe nanoparticles shown in these images did
not reflect the true particle sizes due the tip convolution effect;
instead, the sizes of particles were measured from their topo-
graphic heights). Therefore, it is reasonable to assume that small
and highly active catalyst nanoparticles were formed in the case
of SWCNTs. These nanoparticles subsequently decomposed the
hydrocarbon precursors and guided the nanotube growth based
on the VLS model (Fig. 7). As the pretreatment stage prolonged,
larger catalyst nanoparticles were formed due to several effects
such as surface diffusion, Ostwald ripening, and nanoparticle
coalescence.45 These large nanoparticles possessed a weaker
catalytic ability and were unable to form a graphitic network
with fivefold or sixfold carbon rings on the surface,40,41 hence
preventing the formation of SWCNTs. This picture is in a good
agreement with the findings of Takagi et al., who showed that
small Au catalyst nanoparticles produced SWCNTs while large
ones nucleated CNWs only.17 The critical Au catalyst diameter
separating the growth of SWCNTs and CNWs in these experi-
ments was around 5 nm.17
It should be noted that the catalyst size effect alone could not
explain the formation of the amorphous structure observed in
CNWs (a mixture of sp2 and sp3) instead of the ordered graphitic
structures in MWCNTs (mainly sp2). In the case of Au-catalyzed
CNWs, this was attributed to the interface energy or the
precipitation rate of carbon atoms at the catalyst–substrate
interface.17 However, the detailed explanation was not given.
Since a high flow of H2 was used in the CVD process, we
attributed the preferential formation of an amorphous structure
to hydrogen-facilitated sp3-carbon bonds formation.46–48 Indeed,
if the catalysts were pretreated in the absence of H2, MWCNTs
were grown instead of CNWs (see ESI, Fig. S5†).
Hydrogen has been shown to play an essential role in the
synthesis of diamond nanowires and the conversion of graphene
to graphane.46,49 Molecular dynamics simulations also showed
a H-induced sp2 to sp3 shift in the growth of hydrogenated
amorphous carbon (a-C:H) films.47 One can thus suggest thatThis journal is ª The Royal Society of Chemistry 2011
Fig. 7 The schematic illustrations of the growth mechanism of the single-walled carbon nanotubes and the carbon nanowires at different temperatures
and hydrogen conditions.
Fig. 6 Surface topography and profiles of catalyst nanoparticles measured by AFM after the pretreatment stage in the growth of (a) single-walled
carbon nanotubes and (b) carbon nanowires. Note that the scales are nm in (a) and mm in (b).
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View Article Onlinea fraction of sp2 bonds, presumably formed by carbon segrega-
tion on the catalyst surfaces, was transformed into sp3 bonds in
the presence of hydrogen (Fig. 7). In addition, Fe catalysts in our
experiments could facilitate the dissociation of hydrogen mole-
cules into atomic hydrogen which further enhance the sp3 carbon
network formation.17,46 We also note that low-temperature
reactive plasmas are very efficient in generating atomic
hydrogen.49–53 Our further efforts will therefore concentrate on
the study of plasma-related effects to enhance the variable ratios
of sp2 to sp3 in these 1-D carbon nanostructures.Conclusions
In summary, we have demonstrated that it is possible to
synthesize SWCNTs with a metallic content higher than 33%
(possibly up to75%) in a simple catalytic CVD process without
using any complex chemistries or precursors. Our results suggest
the possibility to control electronic type and potentially chirality
distribution of SWCNTs, which is widely recognized as a majorThis journal is ª The Royal Society of Chemistry 2011challenge. In addition, it was shown that the growth mode can be
switched from the SWCNTs to the amorphous CNWs by only
slightly changing the process conditions. Temperature-depen-
dent conductance measurement showed a vast difference in the
electronic property of SWCNTs and CNWs due to their different
bonding structures. Moreover, the varied sp2 content in the
CNWs case was justified by the hydrogenation effect. These
results provide insights into the ultimate control of the chirality
of SWCNTs and the synthesis of various 1-D carbon nano-
structures with customized sp2 and sp3 contents.Acknowledgements
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